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INTRODUCTION 
The solution to the difficult and extremely costly problem of 
sludge disposal from wastewater treatment plants may ultimately hold 
the key to a second quickly escalating problem, the high costs of in¬ 
organic fertilizers. Land application of sewage sludge provides not 
only a means of sludge disposal, but also conserves valuable fertili¬ 
zing constituents in sludge through recyclying. Utilization of sludge- 
amended land for agriculture may greatly cut fertilizing costs by re¬ 
ducing or entirely eliminating on some acreages the amount of inorganic 
fertilizer required for growing plants. 
The practicality of using sludge as a fertilizer may be offset by 
at least two disadvantages. Previous studies have revealed that trace 
metals in sludge may contaminate the soil and plants and that toxic 
levels of nitrate may accumulate in plants. 
Investigation of land management alternatives may result in the 
discovery of a most favorable method of land application which will 
minimize the risk of trace element contamination and of excessive nitrate 
accumulation. 
This research will attempt to determine which method of sludge applica¬ 
tion, surface spreading or subsurface injection, minimizes the hazard 
of trace metal accumulation in plants. Other questions to be answered 
are at what rates should sludge be applied to the soil to maximize nutri¬ 
ent uptake and yield of plants, while minimizing trace metal contamination 
and nitrate accumulation, to what depth in the soil profile should sludge 
be injected to minimize harmful trace element effects, and how do the rates 
of sludge application affect germination and emergence of plants. 
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Sludge Treatment Techniques 
The U. S. Environmental Protection Agency (Hecht et al., 1975) 
has compiled a comprehensive publication dealing with the characteri¬ 
zation and utilization of municipal and utility sludges and ashes. 
This publication evaluates the nature and quantities of sludges, various 
sludge handling and treatment techniques, problems encountered in 
sludge disposal, and the economics of wastewater sludge disposal. 
Several of these topics dealt with below have been taken from the 
U.S.E.P.A. Journal. 
The primary objective of a wastewater treatment plant is to pre¬ 
vent pollution of streams, lakes, and ground water supplied by removing 
the solid pollutants from the wastewater. The solids removed are in 
the form of a liquid slurry which is called sludge. Because sludges 
are concentrated pollutants, they must be disposed of in a manner that 
assures public health and environmental safety. The disposal methods 
should recycle the organic and useful material of the sludge back to 
nature while being economically feasible. 
Stabilization. Raw sludge contains a substantial amount of or¬ 
ganic material which provides food for microorganisms which grow 
in and upon the sludge. These microorganisms are mostly of fecal origin, 
and many of them are pathenogenic, which may be health hazards. There¬ 
fore, decomposition of the organic matter, or sludge stabilization, 
is a necessity. Methods utilized for stabilization of wastewater sludges 
include anaerobic digestion, aerobic digestion, and lagooning. 
Anaerobic digestion of sludge involves descomposition of organic 
matter in the absence of free oxygen and occurs in two separate steps. 
In the first stage, called liquefaction, acid-forming bacteria break 
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down complex organic compounds into simpler organic acids by hydrolysis 
and fermentation. Methane-forming bacteria convert the organic acids 
to methane gas and CC^ in the second or gasification stage. Anaerobic 
sludge digestion is the oldest method of stabilization and will continue 
to be used at mostly small sewage treatment plants and in large coastal 
cities. 
Aerobic digestion is a biological process during which gross oxida¬ 
tion is completed in two stages: (1) direct oxidation of any biodegrad¬ 
able matter by biologically active organisms and (2) oxidation of micro¬ 
bial cellular material by endogenous respiration. Aerobic digestion 
has been used extensively in treating waste-activated sludge. 
Sludge lagoons have been used for sludge stabilization purposes 
quite frequently, particularly in small plants, because they are re¬ 
latively inexpensive and very simple to operate. A sludge lagoon is 
essentially a large shallow unheated digestor. When a lagoon is used 
for digestion of raw sludge, odor and insect breeding may be problems. 
After a lagoon becomes filled with digested sludge, it is either 
abandoned or drained and the digested sludge is excavated. 
Dewatering. Sludge dewatering is a process generally utilized 
after stabilization of the sludge to reduce the moisture content and 
volume of the sludge. This enables the sludge to be easily handled and 
disposed of. Two methods commonly used for sludge dewatering are sand 
bed drying and vacuum filtration. 
Drying of the sludge on open or covered sand beds is the most 
common dewatering method presently in use. Open sand bed dewatering is 
probably the least expensive method of all and is therefore used exten¬ 
sively in small 010,000 population) communities. In general, drainage 
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is the predominant dewatering mechanism during the first 2 to 3 days 
after the application of the sludge, during which 60 to 851 of the 
sludge moisture loss occurs. After 2 to 3 days, evaporation becomes 
the major factor, and its rate depends solely on climatic conditions. 
Vacuum filters are the most common type of mechanical dewatering 
facilities used today. Rotary drum-type filters were the first continu¬ 
ous filters using a scraper-discharge mechanism, with functioning zones, 
such as a cake-forming zone, wash zone, dewatering zone, and discharge 
zone. Cake solids content for various types of sludges ranges from 15 
to 35%. 
Nature of Sludges 
The characteristics of the sludge are dictated by such factors as 
source of the wastewater, i.e^. municipal or municipal combined with 
industrial, and by the type of treatment processes to which the sludge 
is subjected, i_.e. raw, digested, digested and conditioned. 
In general, primary raw sludge is gray in color, slimy in nature, 
and gives off an offensive odor. It has solids content ranging from 
1 to 5%. Activated (partially raw, partially digested) sludge is generally 
brown in color. When the color darkens, septic conditions are indicated. 
The fresh sludge has no characteristic odor, but in septic conditions 
it has the disagreeable odor of putrefaction, and the solids content 
ranges from 3 to 8%. Digested sludge has a dark brown to black color 
and contains large quantities of gases. A completely digested sludge 
has an odor similar to hot tar or burned rubber. It has a solids content 
ranging from 0.2 to 4.0%. 
The solids fraction of the wastewater sludge is primarily composed 
of biodegradable material (30%), stable organic matter (35o), and inert 
material (35%). Further, about 60% of the total solids are dissolved 
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solids, 203 are settleable solids, and 20% are colloidal solids. The 
organic fraction ranges from 60 to 809d, on a dry weight basis, for 
primary sludge, 62 to 753 for activated sludge, and 45 to 603 for 
digested sludge. 
Sludge also contains a variety of metallic ions, including toxic 
metals. Their relative concentrations depend mainly upon the origin 
of the wastewater. The ranges reported (Page, 1974) for sludges from 
approximately 300 treatment plants from different regions in the 
U.S.A., Canada, Sweden, England, and Wales were as follows (in^cg/g 
dry matter): Ag (5-150), As (1-18), B (6-1000), Ba (150-4000), Cd 
(1-1500), Co (2-260), Cr (20-40,615), Cu (52-11,700), Ilg (0.1 - 56), 
Mn (60-3861), Mo (2-1000), Ni (10-5300), Pb (15-26,000), Sn (40-700), V 
(20-400), and Zn (72-49,000). 
Wastewater sludge contains many fertilizing elements. In compari¬ 
son with commercial fertilizers, they are rated principally on their 
content of three substances: nitrogen, ranging from 0.8 to 103 as N; 
phosphorus, ranging from 1 to 43 as phosphoric acid; and potassium, 
ranging from 0.1 to 0.53 as potash. 
Sewage Sludge Disposal Methods 
The ultimate disposal of the vast quantities of sludge being 
generated throughout the U.S. is one of the most complex problems 
facing sanitary engineers today. It appears that the disposal problem 
will continue to grow due to tightening of water, air, and land pollu¬ 
tion control standards and lack of land availability. Numerous methods 
for disposal or utilization of municipal sludges have been practiced. 
Some of these methods include ocean dumping or discharging, lagooning 
and landfilling, incineration and landfill of ash, and direct discharge 
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of raw effluent into streams, ocean, lakes and sewers. Ultimate disposal 
of the sludge is the last step in the treatment process. It must comply 
with the state, interstate, and federal standards and requirements; 
it should not adversely affect the surface or ground water, air or land 
surfaces; it should be economically feasible; and it should assure 
public health safety. 
with required nutrients. 
Subsurface soil injection of sludge is gaining increasingly wide 
acceptance, especially in former surface spread areas where adverse 
public reaction to the odor and fly problems pressured farmers into 
using some other method of disposal. 
Several conferences on subsurface injection, including those of 
Denver, Colorado in December, 1973 (Proc. of the Subsoil Incorporation 
Meeting, 1973) and Williamsburg, Virginia in November, 1975, have 
attracted a growing number of interested researchers, industries, and 
governmental agencies. 
Subsurface soil injectors are now available commercially (manu¬ 
factured by Pearson Bros. Co., Galva, Illinois; Briscoe-Maphis, Inc., 
Boulder, Colorado; Organic Earthworm Corp., Denver, Colorado). 
Advantages and Disadvantages of Subsurface Injection of Sludge 
Colorado State University personnel have been injecting Boulder, 
Fort Collins, Denver, and Chicago sludges with a subsurface soil in¬ 
jector that they themselves developed (Gold et al., 1973). Some 
advantages of subsurface injection over spreading which have been wit¬ 
nessed by the developers of the injector are: 
a) elimination of fly and odor problems 
b) full nutrient availability of sludge to crops 
c) minimization of contamination of runoff water 
d) aesthetically more acceptable to the public 
e) economical - may reduce treatment for waste (undigested wastes 
could be injected instead of digested wastes) and lead to in¬ 
creased operation capacity of sewage treatment plants. 
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Disadvantages of injecting sludge also exist. First, more energy 
is required to inject sludge than to surface spread the wastes, thereby 
increasing the cost of application. Second, most machines cannot 
penetrate frozen ground and the sludge must be stored until it can be 
injected. 
From tests performed at Colorado State University (Gold et al., 
1973) comparing surface applications of sludge to subsurface injections, 
it was suggested to those who plan on injecting sludge that the sludge 
should be injected as close to the soil surface as possible to provide 
an aerobic environment. Deep injections of sludge dry out very slowly 
and usually turn anaerobic. Fran the relatively little amount of work 
being done on the subject, it is obvious that the environmental impact 
of injecting versus spreading sludge should be assessed. No study of 
this kind has yet been published. Although Colorado State University 
investigators are studying subsurface injection (National Science Founda¬ 
tion, 1974), they are not comparing it to surface spreading. The U.S. 
Environmental Protection Agency is not involved in any comparison 
studies at this time (U.S.E.P.A., 1974), and no work has been published 
investigating the uptake of elements in sludge placed at different 
depths in the soil. There is a distinct possibility that trace elements 
in sludge placed at lower depths where anaerobic conditions exist will 
be more mobile in the soil than if the sludge were injected near the 
surface. 
Effects of Soil Characteristics on Trace 
Element Uptake by Plants Grown in Sludge 
The factors known to influence the availability of trace elements 
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in soil include soil type, trace element concentration, pH, organic 
matter, soil water content, and sludge placement. 
Soil type. Plants grown on organic soils, e.g. peat soils, often 
are deficient in some trace elements because trace elements have a high 
affinity for organic matter (Samsoni et al., 1975). Peat has been 
used to renovate wastewater and remove trace elements (Anon., 1974: 
Osborne, 1975; U.S. Department of Agriculture, 1975). Chrysanthemum 
plants grown in peat or a standard greenhouse medium (1:1:1 soil, sand, 
peat) took up smaller amounts of trace elements (Cu, Fe, Zn) than plants 
grown in media lacking peat (Kirkham, M.B., University of Massachusetts, 
Amherst, Mass., unpublished data). 
Trace element concentration. Many recent papers (Jones, et al., 
1975; Hinesly, Ziegler, and Jones, 1972; Hinesly et al., 1977; Jones, 
Hinesly, and Ziegler, 1973; Bradford, Bair, and Hunsaker, 1971; Lunt, 
1953; Rohde, 1962; Allaway, 1968; LaRiche, 1968; Lunt, 1959) report 
trace element concentrations of soils with several levels of applied 
sludge. In almost every case, trace element concentration of the soil 
increased significantly with any appreciable sludge addition. 
pH. Recent papers confirm earlier observations that pH is one of 
the most important factors controlling trace element availability 
(Bittell and Miller, 1974; Bolton, 1975; Cunningham, Keeney, and Ryan, 
1975a; Dowdy and Larson, 1975a, 1975b; Hahne and Kroontje, 1973; 
Lagerwerff, Biersdorf, and Brower, 1976a; Lagerwerff, Biersdorf, and 
Brower, 1976b; MacLean, Stone, and Cordukes, 1973; Santillan-Medrano 
and Jurinak, 1975; Singh, 1974a; Singh, 1974b; Zimdahl and Foster, 1976; 
Walker et al., 1975; Chaney, 1973b; Page, 1974). According to these 
papers, toxic metals have been shown to be most available in soils of 
acidic pH’s, below 6.5 to 7.0. Increasing the soil pH can be accomplished 
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by adding lime, but there is a point at which liming will do no good 
and at which only more metal-tolerant crops can be grown (Spotswood and 
Ravmer, 1973). 
Organic matter. The importance of sludge organic matter in controll¬ 
ing the availability to plants of trace elements is a topic that has 
been greatly debated. However, trace elements in sludge are taken up 
less readily than are trace elements added directly to soil in the same 
concentration as present in sludge (Cunningham, Keeney, and Ryan, 1975b; 
Dijkshoom and Lampe, 1975; Mortvedt and Giordano, 1975). 
Haghiri (1974) found that organic matter did not influence the 
concentration of Cd in oat shoots. His results indicated that the 
binding of Cd by organic matter was accomplished through its cation 
exchange capacity rather than by chelation. Haghiri hypothesized that 
when additions of organic matter were ceased at a sludge disposal site, 
the organic matter would be decomposed by microorganisms and the concen¬ 
tration of Cd in soil solution would increase and eventually reach levels 
toxic to plant growth. Similar views were expressed by Chaney (1973a) 
and Leeper (1972). However, this hypothesis has yet to be proved. 
Analyses of abandoned long-term sewage and sludge disposal sites 
(Johnson et al., 1974; Kirkham, 1975a; Pike, Graham, and Fogden, 1975a; 
Pike, Graham, and Fogden, 1975b; Zwerman and deHaan, 19"3) show that 
high concentrations of trace elements do occur in soil, but in no case 
have concentrations of elements been toxic to livestock or humans eating 
plants grown on these sites. 
Soil water content. Recent studies confirm that trace elements are 
more available under anaerobic (flooded) conditions than under aerobic 
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conditions (Ng and Bloomfield, 1962; Bloomfield and Pruden, 1975; 
Engler and Patrick, 1975; Kirkham, 1975b; Lagerwerff, Biersdorf, and 
Bower, 1976a; Nambiar, 1975; Singh, 1974a; Singh, 1974b). Most trace 
elements can move significant distances in soil despite being relatively 
immobile (Page and Chang, 1975). 
Sludge placement. Subsurface sludge injection is becoming a 
popular way to dispose of sludge because it is more aesthetically 
acceptable to the public than surface spreading. However, no information 
has been published concerning the rate of uptake of trace elements 
injected below ground in sludge versus the rate of uptake of trace 
elements in sludge placed on the surface of the soil or spread and then 
incorporated into the plow layer. A few studies done with inorganic 
fertilizers (Kirkham, Keeney, and Gardner, 1974; Raimond, 1975) show 
that ion uptake is dependent upon placement of the nutrient. Similar 
observations should be made with sludge to determine the most effective 
placement for nutrient uptake or for trace element exclusion. Anaerobic 
conditions could occur if sludge were injected below the soil surface 
and trace elements may become more available for uptake. 
Plant Uptake of Trace Elements from 
Sewage Sludge-Amended Land 
Cadmium, Cu, Pb, Ni, Hg, and Zn are the trace elements in sludge 
that pose the greatest hazards to plants. Chromium, a trace element 
that appears frequently in sludges, is not considered as potentially 
harmful. According to Lindsay (1972), the Cr (III) form that usually 
exists in soils forms the insoluble Cr (OH)3. This hydroxide is 
extremely immobile, and its availability to plants is slight. 
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In studies by Van Loon (1975; 19"5) in which sludges with high 
(23 ppo) or low (lppm) Hg concentrations were applied to soil, crops 
accunulated above normal concentrations of Hg with both sludges. 
Jackson (19"3) found that Hg appearing in tops of barley and soybean 
plants whose roots were in Hg solutions cane from the Hg vapor released 
free roots during the experiment rather than by translocation of the 
tops. If Hg volatizes free sludge-treated soils, plants could absorb 
it. Therefore, Hg should be measured in plants growing on sludge. 
Studies by Ter Haar (1970) have shown that Pb could be a source 
of contamination of crops. Roots of seven food crops were shown to 
accumulate high concentrations of Pb (John and Van Laerhaven, 19"2,, 
and although Pb seems to be transported with difficulty in plants, many 
crops grewn on Pb-contaminated soils could be sources of dietary Pb. 
Hemphill et al.,(1973) found exceptionally high levels of Pb in samples 
of green beans, lettuce and radish grown in areas of Missouri where Pb 
is mined, milled, and smelted. Other studies (Bishop and Chisholm, 
1962; Chisholm, 1972; Berry and Wallace, 19“4) shewed that beets, onions, 
Swiss chard, lettuce, beans, corn, carrots, turnips and parsnips 
accunulated Pb in the edible portions from Pb arsenate-treated soils. 
Nickel is another trace element that has been shown to concentrate 
in high levels in plants grown chi sludge. Research by Mann and Patterson 
(1962) and Gamer (1966) has shown globe beets and potatoes grown on 
sludge-treated land to accumlate significantly large concentrations of 
Ni. The Ni was more concentrated in the plant tops than in the roots, 
and there was no evidence that any of the M accunulated in the potato 
tubers. Leek plants and carrots frer. plots receiving the sludge contained 
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In studies by Van Loon (1973; 1975) in which sludges with high 
(25 ppm) or low (lppm) Hg concentrations were applied to soil, crops 
accumulated above normal concentrations of Hg with both sludges. 
Jackson (1973) found that Hg appearing in tops of barley and soybean 
plants whose roots were in Hg solutions came from the Hg vapor released 
from roots during the experiment rather than by translocation of the 
tops. If Hg volatizes from sludge-treated soils, plants could absorb 
it. Therefore, Hg should be measured in plants growing on sludge. 
Studies by Ter Haar (1970) have shown that Pb could be a source 
of contamination of crops. Roots of seven food crops were shown to 
accumulate high concentrations of Pb (John and Van Laerhaven, 1972), 
and although Pb seems to be transported with difficulty in plants, many 
crops grown on Pb-contaminated soils could be sources of dietary Pb. 
Hemphill et al.,(1973) found exceptionally high levels of Pb in samples 
of green beans, lettuce and radish grown in areas of Missouri where Pb 
is mined, milled, and smelted. Other studies (Bishop and Chisholm, 
1962; Chisholm, 1972; Berry and Wallace, 1974) showed that beets, onions, 
Swiss chard, lettuce, beans, com, carrots, turnips and parsnips 
accumulated Pb in the edible portions from Pb arsenate-treated soils. 
Nickel is another trace element that has been shown to concentrate 
in high levels in plants grown on sludge. Research by Mann and Patterson 
(1962) and Gamer (1966) has shown globe beets and potatoes grown on 
sludge-treated land to accumulate significantly large concentrations of 
Ni. The Ni was more concentrated in the plant tops than in the roots, 
and there was no evidence that any of the Ni accumulated in the potato 
tubers. Leek plants and carrots from plots receiving the sludge contained 
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significantly higher concentrations of Ni than plants grown on the 
untreated plots. 
Cadmium, Cu, and Zn appear to be the trace elements presenting the 
greatest problems with sludge. The transfer of Cd, Cu, and Zn into the 
food chain was observed by Lu et al. (1975) when sludge was applied to 
a model ecosystem. Plant Cd content is generally dictated by environ¬ 
mental Cd concentration. Page et_ al. (1972) showed that Cd concentra¬ 
tion in leaves increased as Cd in a nutrient solution was increased. 
Leafy vegetables were found to be particularly prone to Cd accumulation 
in one study (Bingham et al., 1975). Root crops accumulated less Cd 
than leafy vegetables but more than fruit and grain crops. Other studies 
(Jones, Hinesly, and Ziegler, 1973; Jones et al., 1975; Ilinesly, Ziegler, 
and Jones, 1972; Hinesly et al., 1977; Hinesly, Braids, and Molina, 1971; 
Sabey and Hart, 1975; Cunningham et al., 1975b; Root et aJL , 1975; 
King and Morris, 1972) showed significant increases in Cd, Cu, and Zn 
contents of plants grown on sludge versus plants grown without sludge. 
Although concentrations of trace elements in plants vary, Allaway (1968) 
reported typical levels of trace elements found in plants and soils 
(Table 1). 
Detrimental Effects on Plants Caused by Trace 
Elements from Sewage Sludge 
Bazzaz et al. (1974a; 1974b) have shown that trace elements close 
stomata and inhibit transpiration of plants. Toxic Cd concentrations in 
chrysanthemum leaves have reduced transpiration rate, increased stomatal 
resistance, and reduced turgor pressure within 24 hours after application 
of the Cd (Kirkham, 1975c). Photosynthesis has been shown to be inhibited 
by trace elements (Bazzaz et al., 1974a; Bazzaz et al., 1974b), and the 
IS 
Table 1 Total 
soils 
concentrations 
and plants. 
of trace elements typic; illy found In 
Cone, in Soils (m.£/g) Cone, in Plants teg/g) 
Element Common Range Normal Toxic 
Cd 0.06 0.01-7 0.2-0.8 
Cr 100 5-3000 0.2-1.0 
Cu 20 2-100 4-15 :>20 
Ni 40 10-1000 1 >50 
Pb 10 2-200 0.1-10 
Zn 50 10-300 15-200 ^200 
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inhibitor may be due in part to stomata! closure. [n addition, trace 
elements damage chloroplasts and cause chlorophyll degradation (Bazzaz 
and Govindjee, 1974; Li and Miles, 1975; Root et cU., 1975). Chlorosis 
is also a common symptom of trace element toxicity (Haghiri, 1973; 
Hewitt, 1953; Imai and Siegel, 1973; Root et al., 1975). 
Cadmium, Ni, and Pb affect plant respiration rate (Bittell, Koeppe, 
and Miller, 1974; Miller, Bittell, and Koeppe, 1973); at high concentra¬ 
tions, respiration is inhibited. 
Huang et al. (1974) showed that nitrogenase activity and nitrogen 
fixation are inhibited in legumes by trace elements. 
The reduction in photosynthesis and other effects of trace elements 
on plants, including interference with mitochondrial respiration, lead 
to reduced growth and possible death of plants contaminated with trace 
elements. Yields of com and rye decreased as the Cu and Zn concentra¬ 
tions of sludge increased (Cunningham et a^., 1975a; King and Morris, 
1972). Cadmium has been shown to injure grain and vegetable crops by 
Page et al. (1972). Iwai et al. (1975) and Root et al. (1975) have 
found inverse relationships between the rate of growth and trace 
element concentrations of plants. 
Toxic metals may also interfere with the uptake of other essential 
minor elements (Hinesly, Braids, and Molina, 1971). Chaney (1973b) has 
stated that trace element induced chlorosis is actually the result of 
reduced Fe transport by roots. Metal analysis of roots has been 
proposed to demonstrate toxic metal injury because the root prevents 
much of the toxic metal from reaching the leaves (Fiskell, Everett and 
Locascio, 1964). 
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Germination of Seeds in Sewage Sludge 
Another deleterious effect of sludges is their influence on seed 
germination. ’’Initial toxicity”, it is believed, is a problem caused 
by a combination of ammonia toxicity, salt toxicity, and organic toxicity 
(Chaney, 1973b) and occurs during the first one to two months after 
high rates of sludge are mixed into the soil. Seeds do not germinate 
and seedlings wither and die. Lunt (1959) studied the influence of 
applications of sewage sludge on seed germiantion. He found that the 
principal effect was to delay rather than inhibit germination. As 
application rates increased, delay in germination increased. Hinesly, 
Braids, and Molina (1971) confirmed the toxicity of fresh sludge toward 
seed germination. However, when sludge was boiled, aged or aerated, 
the toxicity was removed. Sabey and Hart (1975) showed that ashing 
sludge also removed or transformed the inhibiting factors. They 
hypothesized that the inhibiting factors were apparently associated 
with the organic compounds, volatile inorganics, or organics that are 
rendered insoluble as oxides since destruction, volatilization, or 
transformation of these compounds eliminated the inhibition. It is 
not certain among researchers as to what specifically causes seed germina¬ 
tion inhibition in sludge. 
Accumulation of Nitrates by Vegetation 
Another potential hazard which may arise from the use of sewage 
sludge as fertilizer is toxic nitrate accumulation by plants. If the 
mineralization rate of organic fertilizers, e.g^.sewage sludge, is high 
enough, the abundance of nitrate in the soil or growth medium can cause 
excessive nitrate accumulation (Barker, 1975). Since nitrate has been 
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shown to accumulate in spinach (Barker, 1975) and the soil (King and 
Morris, 1974; King eit a^., 1974), it is apparent that sludge can be 
mineralized quickly. 
Excessive nitrates in forages have been responsible for such 
livestock diseases as cornstalk disease, oat hay poisoning, and silo- 
filler's disease (Wright and Davidson, 1964). Methemoglobinemia has 
been linked with the consumption of baby foods manufactured from vege¬ 
tables high in nitrate (Committee on Nitrate Accumulation, 1972; Lee, 
1970; Luhrs, 1973; Maynard et al., 1976). High plant nitrate concentra¬ 
tions are often manifested in succulent leaf blades, petioles, and 
roots (Brown and Smith, 1967; Maynard and Barker, 1971). Even though 
levels of nitrates in forages higher than 0.5% have been fed to live¬ 
stock with toxicity, 0.5% should be considered potentially dangerous 
(Wright and Davidson, 1964). 
Conclusions 
The long-term hazard to the environment from sludge applications 
involves toxic heavy metals (Chaney, 1973b). One of the reasons sludge 
is applied onto land is the ability of the soil to absorb toxic metals, 
thus preventing contamination. Metal levels may be acceptable for 
agricultural use in sludges from municipalities that have no metal 
industries and from those that adequately regulate the dumping of metal 
wastes into their sewers, but sludge from industrial areas may present 
toxicity problems. Caution must be taken to insure that toxic levels of 
metals do not build up in the soil and later revert to an available form. 
The decision to apply municipal wastes on agricultural soils must take into 
account the contents of potentially hazardous components as well as 
beneficial nutrient composition. 
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THE EFFECTS OF SUBSURFACELY INJECTED TEXTILE MILL SLUDGE 
ON YIELDS AND CHEMICAL COMPOSITION OF CORN 
During the early 1970’s, sewage sludge from a textile mill operated 
by the Kendall Manufacturing Corporation, Griswoldville, Massachusetts, 
was lagooned on a hill overlooking the mill and the local valley. When 
the summer temperatures produced unpleasant odors in the settling ponds, 
considerable discomfort was caused to the valley residents and complaints 
resulted. Subsequent court action forced the Kendall Company to look 
for alternative methods to dispose of the sludge. 
With recent legislation having been enacted which would put a halt 
to incineration, ocean dumping, landfilling, and other wasteful and 
polluting practices (U.S. Environmental Protection Agency, 1970; 
U.S.E.P.A., 1972), agricultural land application appeared to be one of 
the few ecologically and economically viable alternatives (Seabrook, 
1973; Forster et al., 1976; Gadgil, 1969; hunt, 1953). 
In the past, the usual method of land application of liquid sewage 
sludge has been by surface spreading, and after drying by incorporation 
of the wastes into the soil by plowing. Because of odor and fly problems 
and negative public reaction to the wastes exposed on the soil surface, 
municipalities have been turning to subsurface injection. 
A joint project was struck up between the Kendall Corporation, the 
U.S. Department of Agriculture, the University of Massachusetts, and 
a Griswoldville farmer. Over 4 million liters of the textile mill sludge 
were injected subsurfacely into 10 hectares of land used to grow corn 
for cattle silage. The project would alleviate, at least temporarily, 
the excess sludge problems. Because of the large amounts of nitrogen 
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and trace elements added to the soil in the sludge, there existed a 
fear of nitrate and trace element accumulation in the corn, which might 
affect plant yields or the health of the animals feeding on the plants. 
The object of this research was to evaluate the effects of various 
rates of subsurfacely injected sludge on yield and trace element and 
nitrate accumulation in corn. Nutrient composition and germination 
and emergence of the corn were other parameters examined. 
Materials and Methods 
Liquid sludge. A liquid sludge produced by the Kendall Manufactur¬ 
ing Corporation, Griswoldville, Massachusetts was subsurfacely injected 
into a Shelburne loam soil in Colrain, Massachusetts. The sludge con¬ 
sisted mostly of the effluent produced by the Kendall textile mill. 
Domestic sludge from the mill and about 25 Griswoldville homes also 
contributed to the sewage. An analysis of the sludge is given in 
Table 2. 
Soil description. The 10 hectare bottom land cropping area consists 
of a Shelburne loam soil, Typic Fragiochrepts, (Latimer and Smith, 
1932) whose characteristics are found in Table 3. 
Crop and soil management. Over 4 million liters of the Kendall 
mill sludge were injected into the 10 hectare cropping area in May, 
1976, at a depth of 30 cm with a subsurface soil injector (Pearson 
Bros. Co., Galva, Ill.). Three treatments of sludge equivalent to 6.8, 
13.6, and 25.6 metric tons per hectare (dry weight) were injected into 
the soil within a 2 week period in May with a fourth treatment consist¬ 
ing of no sludge application utilized as a control. The field was 
plowed immediately after injection, and 8 replications per treatment 
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Table 2. Analysis of ponded aerobically digested textile mill sludge 
from the Kendall Manufacturing Company, Griswoldville, Mass. 
Elemental Analy rsis 
(total solids - 3.0%) 
Element Dry wt. basis Element Dry wt. basis 
a 
0 ppm 
N (organic) 5.80 Cd 9.8 
N (inorganic) 0.52 Cu 163 
P 0.89 Cr 70.5 
K 0.62 Hg 4.9 
Ni 9.8 
Pb 9.8 
Zn 81.9 
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Table 3. Characteristics of the Shelburne loam soil used in the 
Colrain field experiment 
Textural pH Cation Exchange Capacity 
Class (meq./100 g) 
loam 6.97 35 
Extractable Metals, ppm (dry wt.) 
Depth Zn Cu _Cd 
0-15 cm 2.74 0.70 0.14 
15-30 cm 2.07 0.90 0.14 
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were set up in a completely random block design. The planting of the 
Funks Gil com (Zea mays L.) took place following plowing. Atrazine was 
surfacely sprayed following seeding to control weed growth. No supple¬ 
mental irrigation or fertilization was administered to the crop. 
One week following the sludge application, soil samples were taken 
at 0 to 15 and 15 to 30 cm into the soil profile for trace element and 
pH determinations. 
Germination and emergence counts of the com were made on 9 June, 
1976. The counts were made on 3 rows, each 7.4 m long. 
The com was harvested on 9 September, 1976, and 70% moisture 
silage yields were determined. Separate random whole plant samples 
were taken from each plot for total N, P, K, NO^", and trace element 
analyses. At the same time, the soil was sampled for trace element 
determinations. 
Chemical analyses. The per cent dry weight of the sludge and corn 
was determined by drying a known mass in an oven at 105° C for 24 hours. 
The whole com plants sampled on 9 September, 1976 were separated 
into leaves, stems, roots, and grain, dried at 105°C, and finely ground 
in a Wiley mill for chemical determinations. 
Total N was determined by micro-Kjeldahl digestion using HgO as a 
catalyst, and with NH^ distillation into boric acid (Stubblefield and 
DeTurk, 1940). Phosphorus determinations were made by nitric acid and 
hydrogen peroxide digestion and a colorimetric method, using ammonium 
molybdate tetrahydrate and ammonium meta-vanadate (Kitson and Mellon, 
1944). To determine K, Cd, Cu, Cr, Hg, Ni, Pb, and Zn, dried sludge 
and com samples were finely ground, digested in nitric acid and 
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hydrogen peroxide (Jackson, 1958), diluted, and read on a Perkin-Hlmer 
306 atomic absorption spectrophotometer. Measurements of NO-' were 
done electrometrically (Barker, 1974). 
The cation exchange capacity was determined by ammonium saturation 
as outlined by Black et al. (1965). The pH measurements were made 
electrometrically. The soil was suspended in a 0.01 M CaCl^ solution 
in a 1:2 (soilrCaCl^) ratio, and the pH of the suspension was measured 
with a glass electrode versus a saturated calomel reference electrode. 
Soil-extractable metals at 0 to 15 and 15 to 30 cm into the soil profile 
were measured by atonic absorption spectroscopy after the samples were 
subjected to an extraction with [[JCarboxymethyl)iminoj bis-(ethylene- 
nitrilo)J tetraacetic acid (DTPA) as presented by Lindsay and Norvell 
(1969). 
Results and Discussion 
Planting took place inmediately after the sludge was injected and 
the field plowed. Although in certain isolated areas of the field 
sludge oozed to the surface after injection, the major portion of the 
field easily accommodated the great amounts of injected sludge with no 
odor, fly, or runoff problems due to overloading the soil. The con¬ 
clusion that judicious subsurface sludge injection could be implemented 
without the usual problems of surface sludge application was reached. 
Soil pH measurements (Table 4) taken before and after sludge in¬ 
jection, indicated that a significant decrease of one half a pH unit 
occurred when the sludge was applied at any rate. Assuming that little 
or no CaC03 was added to the soil in the sludge, this result appears 
to support the belief that land disposal of sludge leads to a lowering ct 
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Table 4. Changes in the Shelburne loam soil pH due to the addition 
of the Kendall mill textile sludge 
0-15 cm soil profile 15-50 an soil profile 
Soil pH Soil pH Soil pH Soil pH 
before after before after 
sludge sludge sludge sludge 
Sludge rate addition addition addition addition 
(M.T./ha) (29 Mar.1976)(26 May 1976) (29 Mar.1976) (26 May 1976) 
0 7.08 a 7.08 a 7.00 a 6.98 a 
6.8 6.90 a 6.40 b 6.85 a 6.49 b 
13.6 7.10 a 5.94 b 7.08 a 6.33 b 
25.6 6.83 a 6.20 b 6.95 a 6.27 b 
Average 
pH level 6.94 a 6.12 b 6.96 a 6.45 b 
Means of pH level not followed by same letter are significantly 
different at 1% level. 
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soil pH due to nitrification of the high amounts of ammonium-nitrogen 
added (Chaney, 1973a). 
Results of the germination and emergence studies of the field 
experiment, which are presented in Table 5, showed there to be no 
significant effect on the number of plants that germinated and emerged 
with any sludge treatment. 
The fertilizing capacity of the Kendall mill sludge is evident 
when one examines the results of the 70% moisture yield study (Table 6). 
From a low of 37.5 metric tons of silage/hectare in the control plots, 
the yield for each succeeding treatment increased significantly to a 
high of 56.0 metric tons/hectare in the high sludge rate plots. Apparent¬ 
ly, the increased amounts of N, P, and K provided by the higher sludge 
applications facilitated increased plant tissue production with negli¬ 
gible effects from trace metals. 
In Table 7, it is seen that soil trace metals which were detected 
(Cd, Cu, Zn) exhibited no significant increase in concentration after 
sludge injection, and that in only a few instances were there any 
decreases in the metal content of the soil at the time of harvest. The 
concentrations of Cd, Cu, and Zn found in the Shelburne loam at each 
of the 3 sampling periods were either at or below the levels of these 
elements found in many other loam soils (Hinesly et_ cfL, 1977; Hinesly, 
Ziegler, and Jones, 1972; Page, 1974). 
The only trace metal detected in the corn was Zn (Table 8). The 
leaves and grain exhibited no significant change in Zn content, while 
the stem showed a significant increase in Zn at only the high sludge 
rate. The concentration of Zn in the leaves fell within normal limits 
27 
Table 5. Corn germination and emergence counts on 9 June, 197b 
for three rows, each 7.4 m long, at Colrain 
Sludge application Nitrogen application 
rate, rate, 
M.T./ha Kg/ha No. of plants 
0 0 83 
6.8 425 87 
13.6 850 103 
25.6 1525 100 
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Table 6. YieLds of 701 moisture silage corn grown on land injected 
with Kendall mill sludge 
Sludge application 
rate, 
M.T./ha 
Nitrogen application 
rate, 
Kg/ha 
70°o moisture 
silage, 
M.T./ha 
0 0 37.5 a 
6.8 425 44.8 b 
13.6 850 49.3 c 
25.6 1525 56.0 d 
Means not followed by same letter are significantly different 
at 5% level. 
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established for coin, but the grain concentration ranged iroin normal to 
6 times the typical Zn content of grain (Hinesly et al., 1977; Hinesly, 
Ziegler, and Jones, 1972; Page, 1974; Hinesly, Braids, and Molina, 
1971). 
No significant differences between treatments were seen for nitrate 
accumulation in the com leaves or grain (Table 8). Highly significant 
differences were found in roots and stems for all of the treatments 
with the highest concentrations of nitrate detected in plants grown 
with medium sludge application rates. Because com roots are not 
consumed by animals as silage, the high concentration of nitrate in the 
roots can be overlooked; however, the concentration of nitrate in the 
stems with the medium and high sludge treatments might prove harmful if 
a steady diet of this concentration nitrate were fed to animals. 
Nitrate consumption at 0.51 should be considered potentially dangerous 
(Wright and Davidson, 1964) even though levels higher than this have 
been fed without toxicity. The decrease of plant nitrate in the high 
sludge treatment may be due to denitrification with the usual evolution 
of nitrogen gas into the atmosphere (Hinesly, Braids, and Molina, 1971). 
The nitrogen contents of the com are shown in Table 9. Only in 
the stems and the roots were the total N levels of the plants affected 
by the sludge treatments. Because of the addition of N-containing 
compounds to the soil, the stems and the roots exhibited an increase in 
nitrogen content from the control through the high sludge rate application. 
The concentration of nitrogen in the grain concurred with that establish¬ 
ed by authorities (Hinesly, Ziegler, and Jones, 1972), but the nitrogen 
content of the corn leaves appeared noticeably low when compared to 
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Table 8. Zinc and nitrate concentrations in coni grown with Kendall 
mill sludge 
Sludge application 
rate, 
M.T./ha 
Plant part 
roots stems leaves grain 
* Zn, ppm dry wt. 
0 38 a 13 a 60 a 217 a 
6.8 43 a 14 a 43 a 221 a 
13.6 240 b 16 a 42 a 206 a 
25.6 407 c 172 b 59 a 116 a 
Nitrate, % dry wt • 
0 0.15 a 0. 09 a 0.06 a 0.02 a 
6.8 1.61 b 0.21 b 0.06 a 0.02 a 
13.6 3.45 d 4.48 d 0.08 a 0.01 a 
25.6 2.05 c 0.93 c 0.07 a 0.06 a 
Means within each plant part not followed by the same number are 
significantly different at the 5% level. 
32 
Table 9. Total nitrogen, phosphorus, and potassium concentrations 
in com grown with Kendall mill sludge 
Sludge application 
rate, 
M.T./ha 
Plant part 
roots stems leaves grain 
Total N, , % dry wt. 
0 0.56 a 0.50 a 1.63 b 1.51 b 
6.8 1.00 b 0.87 b 1.67 b 1.65 b 
13.6 1.16 c 0.98 be 1.38 a 1.27 a 
25.6 1.20 c 1.03 c 1.72 b 1.54 b 
P; , % dry wt. 
0 0.03 a 0.05 a 0.18 a 0.03 a 
6.8 0.11 b 0. 28 c 0.33 b 0.08 c 
13.6 0.06 a 0.12 b 0.31 b 0.07 be 
25.6 0.05 a 0.05 a 0.23 a 0.04 ab 
K; , % dry wt. 
0 0.86 a 0.50 a 1.37 a 0.33 a 
6.8 1.01 a 0.84 b 2.22 c 0.35 a 
13.6 1.11 a 2.29 c 2.18 c 0.35 a 
25.6 1.09 a 0.89 b 1.88 b 0.32 a 
Means within each plant part not followed by the same letter aie 
significantly different at the 51 level. 
established figures (Hinesly, Ziegler, and Jones, 1972; Mclsted et al., 
1969). 
The potassium concentrations (Table 9) in the stems and leaves 
increased with higher sludge applications until the highest sludge rate 
was reached, at which point there were decreases in the K concentra¬ 
tions. The highest K concentrations in the leaves coincided with 
typical com leaf K levels (Hinesly, Ziegler, and Jones, 1972; Melsted 
et al., 1969). Sludge treatments did not affect the K content of the 
roots or grain, but K concentration in the grain appeared slightly low 
(Hinesly, Ziegler, and Jones, 1972). 
The com grown with low and medium rates of Kendall sludge generally 
exhibited significantly higher concentrations of phosphorus than corn 
grown in the check and high sludge plots (Table 9). The P content of 
the leaves is typical for corn (Hinesly, Ziegler, and Jones, 1972; 
Melsted et al., 1969); however, the P content of the grain is extremely 
low (Hinesly, Ziegler, and Jones, 1972). 
Conclusions 
Liquid sludge, such as the waste product of the Kendall Corporation, 
Griswoldville, Massachusetts, can be injected subsurfacely into the 
soil in great quantities without the odor or fly problems that usually 
accompany surface applications. 
No germination inhibition occurred with any Kendall sludge applica¬ 
tion rate. As the sludge application rate was increased, the silage 
yields of the com increased with the highest yield found at the 25.6 
metric tons/hectare rate. 
Addition of the sludge decreased the soil pH, but trace metal 
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content of the soil was not elevated by sludge applications. Zinc was 
the only trace metal detected in the plant tissue, and only in the 
grain was the Zn concentration abnormally high. 
Nitrate concentrations in the corn roots and stems exhibited 
significant increases with all sludge application rates when compared to 
the control. Denitrification with subsequent loss of gas may account 
for the decrease of plant nitrate in the high sludge treatment. 
Total plant N increased significantly in the roots and stems, K 
increased in the leaves and stems, and P increased in all plant parts 
grown with sludge when compared to the controls. The N content of 
the com leaves and the K and P contents of the corn grain exhibited 
concentrations below normal. 
In final summary, the Kendall Corporation sludge does appear to 
be beneficial for use as a fertilizer for silage corn, but if annual 
applications of sludge are to be administered, soil and plant material 
should be monitored regularly to avoid any hazards from residual soil 
trace metal effects. Besides the hazards mentioned above, pathenogenic 
organisms which live in and on the sludge and toxic organic compounds 
contained in the sludge pose other potential problems with the use of 
sludge as a fertilizer. 
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LAND MANAGEMENT EFFECTS ON THE INFLUENCE OF' SEWAGE 
SLUDGE ON CORN GERMINATION AND COMPOSITION 
An increasingly popular method of land disposal of sewage sludge 
is subsurface soil injection. Several researchers (Kolega et al., 
1973; Gold et al., 1973; Walker et^ al., 1975) have experimented with 
injecting or trenching of the wastes in the ground. 
The following advantages of subsurface injection over surface 
spreading have been cited by the developers of the Colorado State 
University injector (Gold et al., 1973): 
1. elimination of fly and odor problems 
2. full nutrient availability 
3. minimization of contamination 
4. aesthetically acceptable 
5. economical 
However, the possibility of certain disadvantages requires that 
subsurface injection be investigated more thoroughly. Deep injections 
of sludge dry out very slowly and often turn anaerobic. Under an¬ 
aerobic conditions, trace elements are often found in their reduced 
forms which are more mobile than in oxidized states as would be found 
under aerobic conditions (Bloomfield and Pruden, 1975; Engler and 
Patrick, 1975; Kirkham, 1975; Lagerwerff et al., 1976; Nambiar, 1975; 
Singh, 1974a; Singh, 1974b). The increased mobility of elements such 
as Cd, Cu, Cr, Hg, Ni, Pb, and Zn may facilitate increased plant up¬ 
take of these trace metals. Subsequent large metal accumulations may 
result in decreased plant yields or concentrations of trace elements 
which are toxic to animals that feed on the plants. 
Increased availability of toxic trace metals is not the only 
problem faced by plants grown on sludge-amended soil. Sludges may also 
have a deleterious effect on plant germination. According to Chaney 
(1973b), "initial toxicity” occurs during the first 1 to 2 months 
after high rates of sludge are mixed into the soil. A combination of 
ammonia toxicity, salt toxicity, and organic toxicity inhibits seed 
germination and causes seedlings to wither and die. Lunt (1959) also 
studied the influence of sludge applications on seed germination, but 
he determined that the major effect was to delay rather than inhibit 
germination. 
The objectives of this study were to determine which method of 
sludge application, surface spreading or injection, minimized the 
hazard of trace metal accumulation in plants, and to determine to what 
depth in the soil sludge should be injected. The effect on germination 
of different types and rates of sewage sludge were also examined. 
Materials and Methods 
Sludge description. The sludges utilized in this study were product 
of municipal wastewater treatment plants in Amherst, Springfield, and 
Pittsfield, Massachusetts. Analyses of these sludges are presented 
in Table 10. 
The Amherst sludge was an anaerobically digested sludge contain¬ 
ing between 4 and 5% solids and had to be poured as a liquid when 
handling. The Pittsfield sludge was a partially raw, partially digested 
sludge which had been dewatered on sand beds. This sludge was greater 
than 75% solids and contained 60% sand in the solid phase. The 
Springfield sludge was a raw, vacuum-filtered, dewatered domestic sludge 
Table 10. Analyses of municipal sewage sludges from Amherst, Springfield, 
and Pittsfield, Massachusetts, which were utilized in the 
greenhouse sludge placement and germination and emergence 
studies 
Elemental Analyses 
Element 
Anerobically 
digested 
Amherst 
sludge 
(4.61 solids) 
Raw, filtered, 
dewatered 
Springfield 
sludge 
(25% solids) 
Partially raw, 
partially digested, 
dewatered Pittsfield 
sludge 
(75% solids) 
% dry weight 
Total N 4.26 1.57 2.92 
P 0.14 0.38 0.98 
K 0.58 0.18 0.12 
ppm dry weight 
Cd not detectable 12.8 90 
Cu 1350 375 1675 
Cr 175 250 200 
Hg not detectable 
Ni 4-20 ^ 20 ^ 20 
Pb 175 375 313 
Zn 895 1145 998 
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which was collected off a rotary drum vacuum filter. By observation, 
it was evident that the Springfield sludge contained a large proportion 
of paper waste. 
Media description. Sludge placement and germination tests were 
run under greenhouse conditions utilizing two types of growth media. 
A greenhouse soil mix, composed of 3 parts peatmoss, 2 parts sand, and 
7 parts loam with 3.4 g of both superphosphate and limestone per liter 
and Shelburne loam topsoil, Typic Fragiochrepts, (Latimer and Smith, 
1932) were used for the studies. Characteristics of the Shelburne loam 
soil are presented in Table 11. 
Greenhouse management of sludge placement tests. In the first of 
the two experiments, plastic columns (15 cm diameter x 90 cm height) 
were filled with the standard greenhouse soil mix. Air-dried Pittsfield 
sludge was applied at rates of 0, 115, and 230 metric tons/hectare, at 
depths into the soil profile of 0, 20, and 40 cm, to give a total of 7 
treatments. The experimental design was a completely random block with 
4 replications/treatment. Eight Agway hybrid 590x com (Zea mays L.) 
seeds were planted 3 cm into the soil in each column, and distilled 
water was added as required by the plants. One week after emergence, 
the plants were thinned to 4 per column and after 8 weeks of growth 
the plants were harvested for trace element determinations. 
The plastic columns were also utilized in the second of these 
tests. The Shelburne loam soil was used as the growing medium, and 
the sludge applied was obtained from the Amherst wastewater treatment 
plant. The sludge was applied at rates of 75 and 150 metric tons/ 
hectare, at depths of 10 and 20 cm below the soil surface. A fifth 
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Table 11. Characteristics of the Shelburne loam soil used as a 
growing medium in the sludge placement tests 
Textural 
Class 
pH Cation Exchange Capacity 
(meq./lOO g) 
loam 6.97 35 
Extractable Metals, ppm (dry wt.) 
Cd Cu Zn 
0.12 0.75 2.7 
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treatment of no sludge was used as a control, ihe columns were arranged 
in a completely random block design with 4 replications/treatment. 
Twelve Agway hybrid 590x corn seeds were planted 2 cm into the soil 
in each column and were thinned to 6 plants/column one week after 
emergence. Distilled water was again supplied when required by the plants. 
After 8 weeks of growth, the plants were harvested for trace element 
determinations. The rates of sludge application in the above experi¬ 
ments were chose to provide at least 3 metric tons of total nitrogen/ 
hectare in the lowest sludge treatments. 
Greenhouse management of germination and emergence tests. Germina¬ 
tion and emergence tests were run in greenhouse pots using sludges from 
Amherst, Springfield, and Pittsfield. Amherst sludge was applied to 
the Shelburne loam soil at rates of 0, 400, 800, and 1200 metric tons/ 
hectare (dry weight), and Springfield and Pittsfield sludges were 
applied to the greenhouse soil mix at rates of 0, 2S0, 500, and 1000 
metric tons/hectare (dry weight). The surface-spread sludges were 
allowed to air dry and were incorporated into the top 10 to 15 cm of 
soil. Fifteen Agway hybrid 590x corn (Zea mays L.) seeds were planted 
3 cm deep in each pot, and 4 replications/treatment were set up in 
completely random block designs. Distilled water was added as required. 
After 2 weeks, germination and emergence counts were made, and the 
plants were harvested for dry weight yields. The rates of sludge were picked 
by determining the maximum loading rate of each soil for a particular 
sludge based on the water content of the slude. 
Crop, soil and sludge analyses. After harvest, the corn plants 
from the sludge placement studies were dried at 105°C, weighed, separated 
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ii'to above and below ground parts, finely ground in a Wiley mill, wet: 
d gested in nitric acid and hydrogen peroxide (Jackson, 1958), diluted, 
aid read on a Perkin-Elmer 306 atomic absorption spectrophotometer for 
t ace element determinations. 
The per cent solids of the sludges were determined by drying a known 
mass of sludge in an oven at 105°C for 24 hours. Total N was obtained 
b ' the method of Stubblefield and DeTurk (1940), and P was determined 
colorimetrically (Kitson and Mellon, 1944). Potassium, Cd, Cu, Cr, Hg, 
Ni, Pb, and Zn were determined by atomic absorption spectroscopy as 
outlined above. 
The soil cation exchange capacity was determined by ammonium 
saturation (Black et al., 1965), and soil pH measurements were made 
electrometrically. The soil was suspended in a 0.01 M CaCl^ solution 
at a 1:2 (soiliCaC^) ratio, and the pH of the suspension was measured 
with a glass electrode versus a saturated calomel reference electrode. 
Extractable soil Zn, Cu, and Cd were measured by atomic absorption 
spectroscopy after the soil samples were subjected to an extraction with 
[jjCarboxymethyl)imino] bis-ethylenenitrilo)J-tetraacetic acid (DTPA) 
by the method of Lindsay and Norvell (1969). 
Results and Discussion 
Sludge placement studies. Germination rate of the corn seeds in the 
Amherst sludge placement experiment appeared dependent upon the distance 
from sludge application to the planted seeds. The germination rate of 
the seeds grown in the columns in which there was no sludge application 
or in which the sludge was placed 20 cm below the soil surface was always 
about 80%. As can be seen in Table 12, the germination rate was much. 
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Table 12. Germination rate of com seeds grown in Amherst sludge- 
amended soil for sludge placement study 
Sludge application 
rate 
dry metric tons/ 
hectare 
Nitrogen application 
rate 
metric tons/hectare 
Sludge depth 
below surface 
cm 
Number 
of 
plants 
0 0 12.0 a 
75 3 10 2.5 b 
75 3 20 11.0 a 
150 6 10 1.8 b 
150 6 20 11.5 a 
Means not followed by the same level are significantly different 
at the 5% level. 
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lower when the sludge was placed 10 cm into the soil profile. The rate 
of sludge application had no effect upon germination. If the germina¬ 
tion rate is dependent on the distance from sludge placement to seeds, 
then some dissipating factor, such as a volatile or easily decomposed 
organic substance as hypothesized by Chaney (1973b) or Sabey and Hart 
(1975), may be responsible for the seed germination inhibition. 
The. only detectable trace metals found in the com grown with 
Amherst sludge were Zn and Cu. As shown in Table 13, no significant 
differences in plant metal concentration as influenced by sludge place¬ 
ment depths were seen. The Zn concentration in the corn leaves at the 
0 metric tons of sludge/hectare rate was significantly lower than the 
Zn concentration in any plant part at any other sludge rate and depth. 
According to authorities (Melsted ert al., 1969; Hinesly, Ziegler, and 
Jones, 1972), all leaf Cu levels and the control level of Zn are typical 
for corn plant composition. However, all other leaf Zn levels are 
above normal. 
For the Pittsfield sludge placement study (Table 14), germination 
results showed that germination was affected by neither sludge rate 
nor depth. Some volatile or easily decomposed seed germination inhibiting 
factor present in the Amherst sludge, but absent or at lower levels in 
the Pittsfield air-dried sludge,' may have been responsible for the 
difference in germination rate in studies between the two sludges. Re¬ 
sults were similar to those of Sabey and Hart (1975), who found that in¬ 
hibition was prevented when using a sludge that had been ashed, thus 
oxidizing, volatizing, or destroying the inhibitor. 
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Table 13. Trace element concentrations in corn grown in Amherst sludge- 
amended soil for sludge placement study 
* 
Sludge 
rate. Nitrogen Sludge Leaves Roots 
dry rate, depth, Zn Cu Zn Cu 
M.T./ha M.T./ha cm ppm dry weight 
0 ' * 0 59.5 a 
*2.6 163.5 4.2.0 
75 3 10 220.3 b 42.0 141.0 
t 
192.8 • 
27.5^ 
75 3 20 156.5 b 6.3 8.8 
150 6 10 182.5 b L 2.0 * 108.0 25.0 
150 6 20 216.0 b .A2.D 200.8 12.5 
Means for leaf zinc content no followed by same letter are 
significantly different at the 5% level. 
W 
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Table 14. Germination rate of corn seeds grown in Pittsfield sludge- 
amended soil for sludge placement study 
Sludge application 
rate, 
dry metric tons/ 
hectare 
» 
Nitrogen application 
rate, 
metric tons/hectare 
Sludge depth 
below surface, 
cm 
Number 
of 
plants 
* 
0 0 8.0 
115 3 0 7.0 
115 3 20 7.8 
115 3 40 8.0 
230 6 0 7.5 
230 6 20 8.0 
230 6 40 7.5 
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Zinc and copper (Table 15) were the only trace metals detected in 
the com grown in the Pittsfield sludge-amended soil. No significant 
differences occurred in the metal content of the corn as a function of 
sludge placement. There was a significant difference in metal content 
of the corn roots grown with no sludge versus several of the corn roots 
grown in 115 and 230 metric tons of sludge/hectare. There were signi¬ 
ficantly, lower Zn and Cu concentrations in the roots of plants grown 
with no sludge. All Cu and Zn levels in the com leaves were within 
normal values (Melsted et al., 1969; Hinesly, Ziegler, and Jones, 1972; 
Jones et al., 1975). 
Germination studies. Table 16 shows the results of the germina¬ 
tion study conducted with Amherst sludge. Germination and emergence 
of the com was inhibited only at the highest sludge application rate. 
The average yields/pot, however, were significantly lower in both the 
high sludge treatment and the control. The low yield in the control can 
be accounted for by the lack of nitrogen when no sludge was applied. 
The low yield at the highest sludge rate may be due to factors present 
in the sludge which also inhibited germination. This conclusion might 
be drawn since the individual plants of the higher yielding pots 
appeared greater in height and mass than those in the control and high 
sludge rate treatments. Therefore, low germination rate and the result¬ 
ant low population as a cause for low yield may be ruled out. The 
possible inhibiting factors, ammonia, salt, organics, as proposed by 
Chaney (1973b), would probably be in highest concentration at the high¬ 
est sludge rate, thus giving the lowest germination rate. 
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Table 15. Trace element concentrations in corn grown in Pittsfield 
sludge-amended soil for sludge placement study 
Sludge 
rate, 
dry 
M.T./ha, 
Nitrogen 
rate, 
M.T./ha 
Sludge 
depth 
cm 
Leaves Roots 
Zn Cu Zn Cu 
ppm dry weight 
0 ' 0 22.8 L 2.0 30.3 a 4 2.0 a 
115 3 0 34.5 ^ 2.0 87.3 b 4 2.0 a 
115 3 20 34.0 6.3 66.5 b 28.8 b 
115 3 40 40.3 / 2.0 34.3 a 6.3 a 
230 6 0 43.5 ^ 2.0 89.8 b -42.0 a 
230 6 20 53.5 12.5 86.0 b 28.8 b 
230 6 40 55.3 2 2.0 47.0 a 21.3 b 
Means of zinc and copper concentrations in the roots not followed 
by same letter are significantly different at the 51 level. 
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Table 16. Greenhouse germination study using .Amherst, Springfield, 
and Pittsfield, Massachusetts nunicipal sludges 
Sludge 
rate, 
dry M.T./ha 
Nitrogen 
rate, 
M.T./ha % Germination 
Dry wt. yield, 
grams/pot 
.Amherst Sludge 
0 0 98.3 a 0.9 b 
400 16 98.3 a 2.2 a 
800 32 96.7 a 2.4 a 
1200 64 81.7 b 1.2 b 
Springfield Sludge 
0 0 96.0 a 1.2 a 
250 4 94.7 a 2.1 a 
500 8 74.7 b 1.0 b 
1000 16 68.0 b 1.0 b 
Pittsfield Sludge 
0 0 82.7 a 1.0 b 
250 8 88.0 a 1.5 a 
500 16 68.0 b 1.8 a 
1000 32 65.3 b 0.9 b 
Means within each sludge experiment not followed by same le^er 
are significantly different at the 5% level. 
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The results of the germination study using the Pittsfield sludge 
(Table 16) showed a significant decrease in germination at the two highest 
levels of sludge application. As in the Amherst study, the control and 
highest treatments exhibited lower yields than did the low and medium 
sludge treatments. Apparently, factors in the sludge which caused an 
inhibition of germination at the 500 and 1000 metric tons/hectare 
rates were present in large enough quantities in the sludge at the 1000 
metric tons/hectare rate to inhibit plant growth, but not in the 500 
metric tons/hectare rate. Since germination inhibition occurred when 
utilizing the well airdried Pittsfield sludge, it is probable that in 
this sludge the inhibiting factor is not a volatile or easily decomposed 
agent. Again, the low yield in the control pots was probably due to a 
N deficiency. 
The Springfield sludge study (Table 16) results closely resembled 
those of the Pittsfield experiment. Germination was inhibited at the 
500 and 1000 metric tons/hectare sludge rates, but the yields decreased 
at all sludge additions except 250 metric tons/hectare. The control 
plants, no doubt, suffered from a lack of nitrogen. Whatever factors 
caused the decreases in germination at the 500 and 1000 metric tons/ 
hectare sludge rates also were present in large enough amounts to cause 
an inhibition in plant growth at both sludge rates. 
Conclusions 
It appears that sludges similar in composition to the Amherst and 
Pittsfield sludges could safely be injected into a soil with no detrimental 
effects resulting from anaerobic conditions, ji.e^ no increased uptake 
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of reduced heavy metals into a plant. However, if a liquid sludge is 
injected into the soil near the surface to provide for good aeration, 
the germination rate of seeds planted close to the sludge may be in¬ 
hibited by some sludge component. 
From results of the germination experiments, it appears that 
factors in the sludge that inhibit germination were present in various 
sludges at different concentrations, and each sludge must be evaluated 
separately to determine at which rates of application seed germination 
is not inhibited while ensuring highest possible yield. This "critical 
level" of sludge application appeared to be between 800 and 1200 metric 
tons/hectare (dry wt.) for the Amherst sludge and between 250 and 500 
metric tons/hectare (dry wt.) for both the Pittsfield and Springfield 
sludges. At this time, it cannot be established whether the germination 
inhibiting factors are ammonia compounds, salts, or organics. 
51 
A COMPARISON OF THE EFFECTS OF TWO FORMS OF A DOMESTIC 
SEWAGE SLUDGE AND INORGANIC FERTILIZER ON THE 
CHEMICAL COMPOSITION AND YIELD OF SILAGE CORN 
The disposal of liquid sewage sludge on land is a practice which 
is becoming increasingly common. Its recent popularity in the U.S. 
has sky-rocketed because of the high cost of alternative means of 
disposal and the effects of alternatives on environmental quality. 
Ocean dumping and the release of effluents into streams has contributed 
heavily to water pollution. Incineration of sludge releases signifi¬ 
cant quantities of pollutants into the air and the resulting ash requires 
a land disposal site. Besides, the fertilizer value of the incinerated 
sludge is essentially destroyed. Land disposal of the sludge has the 
advantage of returning the wastes to the natural biological and chemi¬ 
cal cycles which may also solve an agricultural problem of supplying 
plant nutrients. 
Large amounts of energy are required to produce inorganic fertili¬ 
zers. To make 1 ton of inorganic nitrogen, 917 gallons of crude oil 
are needed. A recycling of the nitrogen in the sludge for agricultural 
purposes would decrease the amount of energy required for the manu¬ 
facturing of fertilizer (Lue-Hing ct al., 1975). However, agricultural 
land application of sludge may not hold the ultimate answers to the 
problems of sludge disposal and cheap fertilizer. Trace metals from 
the sludge and nitrate, created from other forms of nitrogen in the 
sludge, may accumulate in plants grown on the sludge-amended lana. 
This can result in a reduction of plant growth (Iwai et_ al., 1975, 
Root et al., 1975) and cause toxicity problems in man or any animal 
that consumes the plant. Studies have shown that commercial fertilizers 
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are also contaminated with trace elements (Gilkes et_ al., 1975; Lee and 
Keeney, 1975; Stenstrom and Vahter, 1974). Therefore, the objective of 
this experiment is to compare the accumulation of trace metals and 
nitrates in plants grown on both sludge-fertilizer and inorganic-fertili¬ 
zed lands. Also, the yield of crops will be determined so that a com¬ 
parison between fertilizing efficiencies can be made. 
* 
Materials and Methods 
Fertilizing materials. Two forms of the same sewage sludge were 
obtained from the Sunderland, Massachusetts, wastewater treatment plant 
for use as fertilizers in this experiment. The "wet” sludge was an 
aerobically digested sludge and was pumped directly out of digestion 
holding tanks into drums for transport to the field site, 3 miles away. 
The "dry*' sludge came from the same source but was dewatered on sand beds. 
Analyses of the two sludges are presented in Table 17. 
An inorganic chemical fertilizer containing 10% N, 10% P2O5, and 
10% K?0 by weight was also used at different rates for several treatments. 
Soil description. The field site at the University of Massachusetts' 
agricultural cropping area in South Deerfield, Massachusetts consists 
of a Hadley fine sandy loam (Typic Udifluvent) according to the Franklin 
County, Massachusetts Soil Survey (U.S. Department of Agriculture, 
1967). Characteristics of the Hadley fine sandy loam used in this study 
are presented in Table 18. 
Crop and soil management. Agway hybrid 590x seed com (Zea mays L.) 
was planted on 18, May 1977 at the University of Massachusetts experi¬ 
mental field at South Deerfield. After 2 weeks, when the com had 
germinated and emerged, 50 treatment plots were set up in the field. 
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Table 17. Compositions of the two forms of sewage sludge from the 
Sunderland, Massachusetts wastewater treatment plant 
Element 
"Wet" sludge 
(3% solids) 
"Dry” sludge 
(50% solids) 
• 
% dry wt. % 
Total N 4.10 1.65 
P 0.48 0.84 
K 0.76 0.32 
ppm dry wt. ppm 
Cd 6.4 6.4 
Cu 825 825 
Cr 25 25 
Hg not detectable 
Pb 125 125 
Ni £- 20 /. 20 
Zn 570.5 703.0 
Table 18. Characteristics of the Hadley fine sandy loam from the 
field site in South Deerfield, Massachusetts 
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Textural 
Class 
pH Cation Exchange Capacity 
(meq/lOOg) 
fine sandy loam 6.40 28 
* 
Extractable Metals, ppm (dry wt.) 
Zn Ni Pb Cu 
2.68 0.20 1.62 18.30 
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Each of 5 replications contained 10 treatments randomly designated within 
each replication. Each treatment plot was a 5 x 5 m block from which a 
soil sample was taken at this time. The following 10 treatments were 
administered to the appropriate plots during the first two weeks of June: 
_Fertilizer__ 
Source_ Amount, Kg N/ha_ 
Inorganic 85 
170 
255 
"Dry" sludge 70 
140 
280 
"Wet" sludge 140 
280 
565 
Control 0 
The "wet" sludge was transported from the Sunderland treatment plant 
in 140-liter drums by truck and was dumped onto the designated treatment 
areas between the rows of developing com, taking precautions not to 
damage the plants. The "dry" sludge was dug out of sand beds, subsampled 
for analysis, weighed, and broadcast over the appropriate plots. The 
"dry" sludge and inorganic fertilizer were both raked into the soil 
immediately after application, whereas the "wet" sludge was allowed to 
dry before it was rototilled into the soil. No additional fertilization 
or irrigation was administered to the field plots through the course of 
the growing season. 
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The com was harvested 21 September 1977 as silage, and yields 
were determined for each treatment. Of the 6 rows in each treatment 
plot, only the center 2 rows wrere harvested for yield determinations, 
with the remaining 4 outside rows serving as a buffer zone. A sample of 
the harvested silage from each plot was taken to the laboratory for 
chemical analyses, as was a soil sample from each plot. 
Crop, soil and sludge analyses. The silage samples harvested 21 
V 
September 1977 were dried at 105°C and finely ground in a Wiley mill 
for determinations of total N, P, K, N03”, and trace metals. 
Total N for the silage and sludge was obtained by the method of 
Stubblefield and DeTurk (1940). Phosphorus was determined colorimetri- 
cally as described by Kitson and Mellon (1944). Potassium, Cd, Cu, Cr, 
Hg, Ni, Pb, and Zn were determined on a Perkin-Elmer 306 atomic absorp¬ 
tion spectrophotometer after digestion of the silage or sludge in nitric 
acid and hydrogen peroxide (Jackson, 1958). Nitrate was measured 
electrometrically (Barker, 1974). 
Soil trace element analyses were done by atomic absorption 
spectroscopy following soil extraction with [[(Carboxymethyl)iminoj 
bis-ethylenenitrilo)J tetraacetic acid or DTPA (Lindsay and Norvell, 
1969). Measurements of pH were made electrometrically. The soil was 
suspended in a 0.01 M CaCl2 solution in a 1:2 (soil:CaCl2) ratio, and 
the pH of the suspension was measured with a glass electrode versus a 
saturated calomel reference electrode. Cation exchange capacity was 
determined by ammonium saturation as outlined by Black (1965). 
v 
Results and Discussion 
The application of the Sunderland sewage sludge to the South 
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Deerfield field site resulted in no fly and little odor problems. The 
"wet" sludge proved awkward to handle due to the great amounts that had 
to be transported and spread. Because of its liquid nature, the "wet" 
sludge caused a runoff problem and several days were required after 
application to allow for proper drying of the sludge before cultivation 
was practical. The "dry" sludge presented little problem in handling, 
transportation, or application. A major drawback with using "dry" 
sludge is in the composition change that takes place when a "wet" sludge 
is allowed to be leached and air dried. Much nitrogen in the form of 
amnonia is lost to the atmosphere and potassium in the liquid phase is 
leached with the liquid portion of the sludge through the sand beds. 
However, when one examines the handling and transportation problems 
presented by the "wet" sludge, it becomes evident that the utilization 
of "dry" sludge in large quantities is a more feasible practice. 
Results of the soil trace metal analyses (Table 19), show that the 
metals detected, Zn, Cu, Ni, and Pb, did not increase in concentration 
in the soil following the application of sludge. There was also no change 
in trace metal content of the soil after the inorganic chemical fertili¬ 
zer was applied, and all trace metal concentrations in the soil concurred 
with levels established by other researchers (Hinesly, Ziegler, and 
Jones, 1972; Jones et al., 1975; Hinesly et al., 1977; Page, 1974). 
From the results of the green weight yield study (Table 20), it 
appears as though the inorganic fertilizer supplied the required plant 
nutrients in their most available forms. The yields were highest in the 
plots which were fertilized with the inorganic chemical fertilizer and 
were significantly lower in the sludge-amended plots. The "wet" sludge 
yields were greater than those of the "dry" sludge plots, with all yields 
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being significantly greater than the controls. Although higher amounts 
of total N were supplied by the sludge than the fertilizer in most treat¬ 
ments, the N in the sludge was probably bound up in unavailable organic 
forms. Epstein, Taylor, and Chaney (1976) and Keeney, Lee, and Walsh 
(1975) have reported slow mineralization rates for the conversion of 
organic N to the NH^+ form. Much of the N applied to the soil with the 
"wet" sludge may have been lost to the atmosphere at NH^. It has been 
estimated (Thome, Hinesly, and Jones, 1976) that as much as 50% of the 
NH4+-H originally present may be lost when a liquid sludge is applied 
onto a soil but not imnediately incorporated. 
The table presenting the total N content of the silage (Table 20) 
shows significantly lower N contents of the corn grown on the 2 lowest 
"dry" sludge rate plots and the lowest inorganic fertilizer plot than 
in the plots that received higher N applications. This may explain the 
low yield results in the "dry" sludge plots. Apparently the "dry" 
sludge rates in this experiment did not supply adequate amounts of 
available N to facilitate good plant production. In fact, all of the 
total N values were below typical levels established by researchers 
(Melsted et al^., 1969; Hinesly, Ziegler, and Jones, 1972). 
The P content of the silage (Table 20) grown on sludge was signifi¬ 
cantly lower than of silage grown on chemical fertilizer at comparable N 
rates. More P was supplied to the com grown on chemical fertilizer than 
to the com grown on sludge as can be seen in Table 17, which shows the 
percentages of P in the "wet" and "dry" sludges to be only 0.48 and 0.84, 
respectively. The P2O5 content of the chemical fertilizer was 100, which 
translates to 4.4% total P. The P content of the corn was typical for 4 
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of the 10 treatments and below average for the remaining 6 (Melsted 
et al., 1969; Hinesly, Ziegler, and Jones, 1972). No significant 
differences in K content of the silage (Table 20) were noted when treat¬ 
ments were compared. All K levels in the silage were within normal 
limits for corn (Melsted et al., 1969; Hinesly, Ziegler, and Jones, 
1972). 
./ 
Resylts of the nitrate concentrations in the silage (Table 21) 
showed the highest accumulation of nitrate to be in the corn grown with 
inorganic chemical fertilizer. The NO3" concentration of plants grown 
with sludge was in some cases, as low as the NO3" concentration of the 
control plants. In no treatment did the silage NOj" concentration 
even approach the 0.5% NO3 level considered hazardous for consumption 
by ruminant animals (Wright and Davidson, 1964). 
The only trace metal detected in the silage (Table 21) was Zn. 
The highest Zn concentrations occurred with the high and medium chemical 
fertilizer treatments and with the highest "dry" sludge treatment. All 
Zn concentrations in the silage were found to be within normal limits 
for com (Jones et al., 1975; Melsted et al., 1969; Hinesly, Ziegler, 
and Jones, 1972; Hinesly, Braids, and Molina, 1971). 
The most meaningful data might be that of the soil pH values 
presented in Table 21. The average soil pH before adding sludge or 
chemical fertilizer was 6.36. At harvest, the pH value in every treat¬ 
ment plot had decreased to below 5.00, a very significant decrease. 
The lowest pH values were found to exist in the plots that received the 
high and intermediate chemical fertilizer treatments. This coincides 
with the finding that the highest silage Zn accumulation also occurred 
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in those plots. Apparently, the high amounts of N applied onto the 
land resulted in a lowering of soil pH due to nitrification (Chaney, 
1973a). The resulting low pH facilitated the solubilization and uptake 
of Zn by the com. 
Conclusions 
It.may be possible to adequately fertilize land using sewage 
sludge and still obtain top yields, but extremely large amounts of 
sludge would be necessary. Liquid sludge is bulky to transport, and 
handling of the waste is difficult. Air-dried and dewatered sludge is 
best for ease of transport and application, but is inferior to liquid 
sludge as a supplier of N and K. As more nutrients are supplied by 
increased sludge rates, the total N, P, and K contents of plant tissue 
should reach typical levels of chemically fertilized plants. 
Trace metal uptake presented no problems with the Sunderland sludge, 
just as nitrate levels of the silage proved to be non-hazardous. How¬ 
ever, if amending soil with large amounts of sludge is to become a 
common practice, lowered soil pH values due to nitrification may present 
a trace metal uptake problem. Long term metal accumulations due to 
annual sludge applications could also create hazards. Finally, the NO^- 
contents of plants may also increase to hazardous levels for consumption 
by animals if heavy nitrogen sludge application are to become a reality. 
Besides the possible hazards of trace metal and nitrate accumulation in 
plants, pathenogenic organisms and toxic organic compounds in the sludge 
pose other potential problems with the use of sludge as a fertilizer. 
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